We study the optical plasmonic properties of metal surfaces which have a periodic lattice of voids buried immediately beneath their flat upper surface. Light reflection spectra calculated in the framework of a selfconsistent electromagnetic multiple-scattering layer-KKR approach exhibit two types of plasmon resonances originating from the excitation of different plasmon modes: surface plasmon-polaritons propagating on the planar surface of metal and Mie plasmons localized in the buried voids. Coupling between these two types of plasma oscillation leads to an enhancement of the surface plasmon-polariton resonances even for close-packed void lattices. Our theoretical model quantitatively agrees with experimental results, demonstrating that planar surfaces can exhibit strong plasmonic field enhancements. 
9.
A. Christ [10] . In [10] strong resonant dips in the reflectivity spectra are observed from nanoporous metal surfaces formed by periodic arrangements of close-packed spherical voids ('nanocups'). All the effects noted above are caused by excitation of Mie plasmons in voids (void plasmons). However, apart from the Mie plasmons localized in spherical cavities inside the metal, propagating surface plasmon-polaritons can be also excited at the metal planar surface if the period of the void lattice buried beneath the surface is comparable with the surface plasmon-polariton wavelength.
In porous metals, the lattice of voids buried beneath the planar surface of metal plays a two-fold role: (i) the periodic lattice of voids forms a coupling element, which diffracts incoming light into surface plasmon-polaritons (it is well known that surface plasmonpolaritons are non-radiative excitations and, therefore, they can not be excited on a planar surface of metal by incoming light without special coupling elements, e.g., grating or total reflection prism [15]), (ii) localized Mie plasmons are excited in spherical voids. In contrast to the surface plasmon-polaritons, void plasmons are radiative excitations [16] and therefore they can be coupled to light directly without using any special coupling device. Furthermore, it might be expected that localized void plasmons and propagating surface plasmon-polaritons can be brought into resonant interaction by tuning the structure parameters (e.g. void diameter and/or period of the void lattice) or by changing the angle of incidence of the incoming light. Surface plasmon-polaritons on metal surfaces are widely used for spectroscopy of surface epilayers and absorbates in optoelectronics and biophysics. However, in such application it is highly desirable to provide a flat metal surface, while exciting surface plasmon-polaritons in the most effective and practical fashion.
In this paper, we study the optical plasmonic properties of a hexagonal two-dimensional (2D) lattice of spherical nanovoids buried inside the metal below a planar metal surface. Resonant buried spherical voids are shown to be a highly effective coupler for planar metal surfaces. We calculate the reflectivity spectra of such a nanoporous metal surface in the framework of a self-consistent electromagnetic multiple-scattering layer-Korringa-KohnRostoker (KKR) approach [13,14,17]. We investigate both the void (localized) and surface (delocalized) plasmons, focussing on the interactions between these two types of plasma oscillation. Our theoretical results are in a good quantitative agreement with experimental spectra obtained for nanoporous metal surfaces formed by periodically-arranged close-packed open voids buried immediately beneath a flat metal surface.
Theoretical model
Let us consider light incident at an angle θ to the surface normal ( 
Results and discussion
In Fig. 2 calculated reflection spectra as a function of photon energy ω and angle of incidence θ are shown for a planar gold surface with a single buried 2D hexagonal lattice (|a| = 650 nm) of close-packed voids of diameter d = 600 nm. Calculations are performed for p-polarized light with the plane of incidence along the Γ−Μ direction of the first Brillouin zone (see Fig. 3 ), which corresponds to zero azimuthal angle (φ = 0). The distance from the planar metal surface to the top of the voids, h, is chosen to be 5 nm, which is much less than the skin depth (25 nm for gold), in order to ensure a strong coupling between light and plasmons. We also assume that there is a residual dielectric inside the nanopores, which we account for by a non-unity dielectric constant ( 
Photon energy, eV Normalized intensity Angle of incidence, deg In general, at arbitrary azimuthal angle and oblique incidence onto the hexagonal lattice of voids there are six surface plasmon-polariton resonances observed in reflectivity. This can be understood from the first Brillouin zone diagram and wavevectors of surface plasmonpolaritons belonging to the lowest energy subband (|q| < 1, |p| < 1) shown schematically in Fig. 3 . Note that different surface-plasmon-polariton modes are excited by p-polarized or spolarized light with different efficiency: the plasmon-polariton mode with a greater projection of its wavevector onto the external electric field direction is excited more efficiently (for detailed explanation see [19] ). Due to symmetry reasons, some of the six surface plasmonpolariton resonances are degenerate along Γ−Κ and Γ−Μ directions. Thus only four surface plasmon polariton resonances are seen in the spectra in Fig. 2 with k || directed along Γ−Μ.
From Fig. 2 it is clear that Mie plasmons excited in the voids produce much stronger resonance dips compared with those from surface plasmon-polariton resonances. The reason for this is that the Mie plasmons in voids are radiative excitations [16] and hence they couple to light effectively, while surface plasmons are non-radiative excitations and can couple to light only via a coupling element (which is the lattice of voids itself in the structure here). Furthermore, the surface plasmon-polariton resonances on a planar surface of nanoporous metals with close-packed voids are rather weak since the effective grating aspect ratio of such a lattice is too small (i.e. the fractional volume occupied by metal in the porous layer is small) to couple light effectively to non-radiative surface plasmon-polaritons. However, in the anticrossing regime the interaction between Mie plasmons and surface plasmon-polaritons produces two mixed plasmon modes comparable in amplitude (for example, at points C and D in Fig. 2 ). This is because in the interaction region these two types of plasmon resonance effectively mix their oscillator strength, so that the stronger Mie-plasmon resonance supplies the weaker surface plasmon-polariton resonance with additional oscillator strength. Thus, in spite of the fact that the periodic lattice of close-packed voids is an inefficient coupler, the surface plasmon-polariton resonances are dramatically enhanced if they couple to the strong Mie-plasmon resonance.
Notice that the surface plasmon-polariton modes in "the empty lattice" are 6-fold degenerate at the Γ point of the first Brillouin zone due to the hexagonal symmetry of the void lattice. We are not able to make a conclusion about the degree of degeneracy of the surface plasmon modes at the Γ point in the real close packed nanovoid structure because the surfaceplasmon resonances in such a structure become noticeable only when they are strongly enhanced due to their interaction with Mie plasmons in voids (which is not the case at the Γ point). Apart from this, in actual experiment the problem of probing the Γ point is complicated by the slightly off-axis experimental geometry.
In Fig. 4 the calculated distributions of the normal-to-surface electric-field component induced at the planar surface of nanoporous metal by incoming light, are plotted over several unit cells of the void lattice. We suggest that the normal-to-surface electric-field component is the most representative of the main characteristic features of different plasmon modes in the structure under investigation. In particular, for normal incidence of the incoming light this component of the electric field entirely originates from the excitation of plasmons (either Mie plasmons or surface plasmons) in the structure. First, let us consider electric-field distributions in the uncoupled fundamental (l = 1) Mieplasmon mode and surface plasmon-polariton mode with (p,q) = (−1,−1) excited at points A and B of the dispersion plane in Fig. 2 , respectively. As expected, the Mie plasmon oscillates with a dumbbell-like field distribution localized in the voids (Fig. 4A ) which is oriented along the electric field in the incident light (i.e. Γ−Μ direction). At oblique incidence, the Mie orbitals are slanted with respect to the planar metal surface and the Mie-plasmon oscillations are displaced in phase along the in-plane component of the wavevector of the incident lightwave, k || , (along Γ−Μ direction). The uncoupled surface plasmon-polariton mode is a delocalized plane wave with wavevector q −1−1 propagating along Γ−Μ direction (Fig. 4B) .
Note that at points A and B in Fig. 2 the Mie plasmons and surface plasmons do not interact with each other. However, these two types of plasma oscillations become strongly coupled at the angle of incidence corresponding to the anticrossing regime (points C and D in Fig. 2 ). In this case two mixed plasmon modes are excited at the surface of the nanoporous metal with equal strength but with opposite phase along the Γ−Μ direction. This strongly implies that these two modes originate from the bonding and anti-bonding coupling between Mie plasmons localized in voids and collective surface-plasmon oscillations. The field distribution in the mode excited at point D clearly demonstrates out-of-phase oscillations of the electric field at the metal surface and in the voids, which suggests that this mode corresponds to the anti-bonding state. The lower amplitude of the normal-to-surface electric field in this mode further supports this conjecture. The surface electric field is enhanced relative to the amplitude of incident field with factors of 25 and 50 at the uncoupled surface plasmon-polariton mode (Fig. 4B ) and the bonding mixed mode (Fig. 4C) , respectively. Note that the spatial period of blue/red strips in Fig. 4 B, C and D is determined by the surface C and D is longer in comparison with that in plot B due to the decrease of q -1-1 with increasing k || (see Figs. 2 and 3) .
In Fig. 5 measured p-polarized reflectivity spectra of a nanoporous gold surface formed by the periodic arrangement of close-packed spherical nanovoids (with d = 600 nm) buried just beneath a flat surface of gold are presented. The experimental sample was prepared using a nanoscale casting technique with the electrochemical deposition of metal through a selfassembled latex template [10, [20] [21] [22] . A clear anticrossing is seen of the fundamental (l = 1) Mie-plasmon mode and surface plasmon-polariton mode with (p,q) = (−1,−1) in the frequency range about 1.4 eV. The second (l = 2) Mie-plasmon mode and the surface plasmon-polariton mode with (p,q) = (−1,−1) exhibit an anticrossing in the frequency range around 1.8 eV. These experimental data are in good quantitative agreement with the calculated results shown in Fig. 2 . Notice that the resonance of this surface plasmon-polariton mode is practically invisible away from the anticrossing regime in both the experimental and theoretical plots. 
Conclusion
In conclusion, in the strong coupling regime between light and plasmons, extremely intense surface-plasmon-polariton resonances can be excited on the flat surface of nanoporous metals even with buried close-packed voids. This phenomenon paves the way towards developing various sensors based on surface plasmon-polaritons with high sensitivity operating without contamination of any void openings on the surface.
